In humans, sleep is characterized by the cyclic occurrence of two main physiological stages, namely non-rapid eye movement (NREM) and rapid eye movement (REM) sleep. The former is usually subdivided in stage 1, stage 2, and slow wave sleep (SWS, stages 3 and 4) according to sleep depth. A sleep cycle lasts about 90--100 min, but SWS is most abundant during the first half of the night (up to 80% of sleep time), whereas REM sleep prevails in the second half of the night, alternating with stage 2.

Likewise, memory is not a unitary phenomenon but is composed of multiple systems. In this review, we will focus on episodic and procedural memory, the two memory systems that were most investigated in this field. Episodic memory, a subcomponent of declarative memory, supports the encoding, storage, and retrieval of life events set in a specific spatiotemporal context. It relies upon the hippocampus and surrounding cortices, as well as the frontal and parietal cortices (Dickerson and Eichenbaum, [@B12] for review). In contrast, procedural memory enables the gradual acquisition of skills through training and is not necessarily accessed consciously (non-declarative memory). This memory system mainly relies on striato-cortical networks (Doyon et al., [@B17]).

Ample evidence indicates that sleep is a physiological state favoring memory consolidation, the process by which recently acquired and labile memory traces are progressively strengthened into more permanent and/or enhanced forms. We will first see how sleep-dependent memory consolidation occurs in young healthy subjects and then examine the changes that may compromise this process in older adults.

Sleep-Dependent Memory Consolidation in Young Adults
====================================================

Over the past two decades, numerous studies have provided evidence that sleep enhances memory consolidation. It has been initially shown that consolidation of declarative/episodic memories is enhanced by early SWS-rich periods of sleep whereas procedural memory rather benefits from late sleep during which REM sleep prevails (e.g., Plihal and Born, [@B44]). Other authors have pointed out the relevance of the succession of NREM--REM sleep cycles for memory consolidation regardless of the memory system the trace belongs to (Giuditta et al., [@B24]), potentially reflecting different processes operating on memory traces. Thus, Gais et al. ([@B21]) showed that performance on a procedural visual discrimination task requires REM sleep but also a certain amount of preceding SWS. We also showed a complementary role of REM sleep and SWS in the consolidation of truly episodic memories. Whereas early SWS favors consolidation of the temporal aspects of episodic memories, REM sleep rather supports the consolidation of the spatial characteristics of these memories (i.e., location of words on a paper sheet) and the richness of contextual details (Rauchs et al., [@B49]). Consolidation of emotionally laden material also depends on REM sleep (Wagner et al., [@B65]).

More recently, studies have tried to unravel the electrophysiological substrates that mediate the beneficial effect of sleep on memory consolidation. Three main mechanisms may participate in this complex process of reorganization of memory traces during sleep: hippocampal reactivations, neocortical slow oscillations, and thalamo-cortical sleep spindles.

Using hippocampus-dependent spatial learning tasks in rodents, studies have reported that hippocampal place cells, activated during training, were reactivated in the same sequential order during subsequent periods of sleep (Wilson and McNaughton, [@B67]). Such neuronal reactivations were mainly observed during SWS (Skaggs and McNaughton, [@B57]; Kudrimoti et al., [@B32]) and more rarely during REM sleep (Louie and Wilson, [@B34]). These re-expressions are not limited to the hippocampus but also occur in the striatum and thalamus (Ribeiro et al., [@B52]) and in various neocortical areas (Qin et al., [@B46]; Ji and Wilson, [@B30]; Peyrache et al., [@B43]). This phenomenon was also observed in humans. Thus, Peigneux et al. ([@B40]) showed that the hippocampus, activated during a spatial learning task, was reactivated during post-learning SWS. Interestingly, the amount of hippocampal activity during SWS was positively correlated with the overnight improvement of memory performance. More recently, Rasch et al. ([@B47]) showed that reinstating during SWS an odor that was used as a contextual cue during learning, significantly enhanced episodic memory performance. This improvement was mediated by the hippocampus as odor re-exposure during SWS induced hippocampal activation that was even greater than during wakefulness.

Brain oscillations also participate actively in memory consolidation. Spindle density, spindle activity (index reflecting the activity or intensity of the spindle process), and the frequency of hippocampal ripples are increased during post-learning sleep (Fogel and Smith, [@B18]; Girardeau and Zugaro, [@B23] for reviews). Learning experience increases the amplitude and slope of slow oscillations as well as slow wave activity during subsequent sleep (Diekelmann and Born, [@B13] for review). These increases are associated to enhanced memory performance (e.g., Huber et al., [@B28]). In addition, inducing slow oscillation-like potential fields during post-learning sleep with transcranial direct current stimulation increases time spent in SWS, enhances EEG power in the slow oscillation frequency band and in the slow spindle band, and improves retention on an episodic memory task (Marshall et al., [@B35]).

The Hippocampal--Neocortical Dialogue: A Model of Sleep-Dependent Memory Consolidation
======================================================================================

The different findings cited above are summarized in a model of sleep-dependent consolidation of declarative/episodic memories termed the *hippocampo-neocortical dialogue* (Buzsáki, [@B9]; Figure [1](#F1){ref-type="fig"}A). Briefly, during wakefulness, freshly learned information is temporarily encoded into neocortical and hippocampal networks. During SWS, memory traces are repeatedly reactivated within hippocampal networks. Reactivations are associated with sharp wave-ripple activity in the hippocampus. They are driven by slow oscillations which synchronize reactivations with the occurrence of thalamo-cortical spindles to drive the transfer of memory traces toward neocortical sites where they will be stored durably. Low levels of cortisol and acetylcholine are required to allow the replay and transfer of information (Diekelmann and Born, [@B13]). The existence of this process has been demonstrated in rodents (Bontempi et al., [@B5]) and in humans using fMRI (Takashima et al., [@B59]). It occurs more so in subjects who slept after learning than in subjects who were sleep-deprived (Gais et al., [@B19]). With time, the ventromedial prefrontal cortex plays an important role in the retrieval of consolidated memories.

![**Schematic representation of the possible alteration of sleep-dependent consolidation of declarative memories in older adults. (A)** During wakefulness, information is encoded in neocortical and hippocampal networks (black arrow). During SWS, recently acquired information is repeatedly reactivated within hippocampal networks. Reactivations are associated with sharp waves-ripples and are driven by slow oscillations which also synchronize hippocampal memory reactivations with the occurrence of sleep spindles. These reactivations stimulate the transfer of memory traces toward neocortical sites for long term storage (red arrow). This transfer is allowed by low levels of acetylcholine and cortisol during early sleep. **(B)** With age, the decrease in SWS and slow oscillations combined with anatomical and functional changes in memory-related brain areas and neurochemical changes (acetylcholine, cortisol) are likely to explain that sleep-dependent memory consolidation is impaired in older adults. Adapted from Born et al. ([@B6]).](fneur-03-00008-g001){#F1}

For procedural memories, the mechanism could be very similar, involving however different brain areas such as the striatum and cortico-cerebellar networks (Doyon and Benali, [@B16]).

Besides this active system consolidation hypothesis, an alternative mechanism has been proposed as the "*synaptic homeostasis hypothesis*" (Tononi and Cirelli, [@B60]). During wakefulness, encoding of new information leads to an increase in synaptic strength in the brain. Such a state is not sustainable in terms of energy and tissue volume demands, and saturates the capacity of synapses for new learning. Sleep, and more precisely slow oscillations, would serve to downscale synaptic strength to a baseline level, keeping nevertheless a difference between synapses that were potentiated during prior waking and those that were not. This hypothesis has found experimental support in animals (Vyazovskiy et al., [@B64]; Bushey et al., [@B8]) and in humans (Huber et al., [@B28]; Van Der Werf et al., [@B63]).

Age-Related Changes in Sleep
============================

Sleep is substantially modified with increasing age. Older adults complain of early awakening in the morning and of difficulties to maintain continuous sleep. These difficulties are attested by an increase in the number of arousals during the night leading to sleep fragmentation. Total sleep time decreases, whereas time spent awake during the night or wake after sleep onset increase, thereby decreasing sleep efficiency (i.e., proportion of sleep time compared to time spent in bed). Sleep efficiency declines progressively with age, from approximately 86% at ages 37--54 to 79% over age 70 (Bliwise, [@B4]). In contrast, the frequency of daytime naps increases with age (Humm, [@B29]), potentially worsening the disruption of nocturnal sleep.

The most striking change in sleep architecture is the dramatic decrease in time spent in SWS across the adult lifespan. This decline is further accompanied by a reduction in the number and amplitude of slow oscillations (Petit et al., [@B42]). To a lesser extent, changes of phasic events in stage 2, such as K-complexes and sleep spindles are also observed (Crowley et al., [@B10]). Changes concerning REM sleep tend to become significant only after age 50. Thus, while the duration of REM sleep episodes increases through the night, it remains constant in older adults (Van Cauter et al., [@B62]), and the density of REMs is reduced (Darchia et al., [@B11]). Aging is further characterized by alterations of circadian rhythms (Bliwise, [@B4]) and reduced melatonin secretion (Pandi-Perumal et al., [@B39]). These two points may also have an impact on sleep-dependent memory consolidation. Indeed, there is a circadian control of REM, but not of NREM sleep (Dijk and Czeisler, [@B14]; Dijk et al., [@B15]). Alterations of circadian rhythms may therefore result in changes in REM sleep. Melatonin is also intimately connected to memory consolidation as melatonin secretion is low during REM sleep (Birkeland, [@B3]) and high levels of this neurohormone inhibit memory formation during night (Rawashdeh et al., [@B51]).

Sleep-Dependent Consolidation of Memories in Older Adults
=========================================================

Several elements suggest that sleep-dependent memory consolidation is altered with aging. First, older adults complain of memory impairment concerning mainly episodic memory. As mentioned above, consolidation of episodic memories relies upon SWS, which is also significantly reduced in older adults. Furthermore, with age some memory-related areas such as the frontal cortex undergo substantial structural and functional alterations (Kalpouzos et al., [@B31]). In contrast, the alteration of the hippocampus is more debated. This may be explained by the fact that the effects of age are not homogeneous within the hippocampus but rather concern its posterior part (Kalpouzos et al., [@B31]). More precisely, Mueller and Weiner ([@B37]) reported a significant volume loss of CA3 (Mueller and Weiner, [@B37]). Albeit not consistently found (e.g., La Joie et al. ([@B33]) who reported a strong effect of age on the volume of the subiculum only), this point is of particular interest since during SWS, freshly encoded memories are reactivated in the CA3 subfield and then spread back into CA1 and cortical areas for effective consolidation (Hasselmo, [@B25]). Evidence of impaired hippocampal reactivations after spatial learning has been provided in aged rats compared to young animals (Gerrard et al., [@B22]). In addition, frontal white-matter tracts are also affected by age and may lead to impaired interactions between the prefrontal cortex and the hippocampus (Salat et al., [@B54]).

Age-related changes in some neuroendocrine and neuromodulatory systems may likewise have an impact on sleep quality and architecture, and therefore on memory consolidation. Thus, aging is accompanied by a cholinergic hypofunction (Schliebs and Arendt, [@B55]). Classically, acetylcholine levels are high at the waking state -- allowing encoding of new information -- and reach a minimum during SWS. The nadir of acetylcholine during early sleep allows the reactivation of memory traces within hippocampal networks and their transfer toward neocortical areas (Hasselmo, [@B25]; Gais and Born, [@B20]). Age-related cholinergic hypofunction may not have consequences on SWS-dependent consolidation of declarative memories but could have repercussions on consolidation of procedural memories during REM sleep, during which acetylcholine levels are high. Indeed, cholinergic activation during REM sleep appears to be a critical factor mediating the beneficial effect of sleep on procedural memories (Rasch et al., [@B48]). Finally, aging is also accompanied by changes in the hypothalamo-pituitary--adrenal axis schematically leading to increases in evening cortisol levels (Buckley and Schatzberg, [@B7]). As memory consolidation requires low cortisol levels during early sleep (Plihal and Born, [@B45]) and since the hippocampus contains a high density of cortisol receptors (Roozendaal et al., [@B53]), elevated glucocorticoid levels may impair hippocampal functioning and impede the hippocampo-neocortical transfer.

All the points mentioned above seem closely interlinked and underline the complexity to assess sleep-dependent memory consolidation in older adults (Figure [1](#F1){ref-type="fig"}B). A handful of studies have been conducted in recent years and have provided mixed results (see also Pace-Schott and Spencer, [@B38] for review).

The first studies conducted in healthy older adults (without depressive disorder or dementia) have mainly focused on REM sleep, due to the potential pharmacological modulations by cholinergic agents. Thus, Schredl et al. ([@B56]) revealed positive correlations between overnight improvements on a word-pair recall task and REM sleep augmentation following administration of the cholinesterase inhibitor donepezil before bedtime during six consecutive nights. More recently, Hornung et al. ([@B26]) assessed the effect of various REM sleep manipulations (increase or decrease in time spent in REM sleep) on episodic and procedural memory consolidation. REM sleep suppression was achieved by selective deprivation of this sleep stage. REM sleep augmentation was performed either physiologically through REM sleep rebound after a selective REM sleep deprivation or pharmacologically by administration of donepezil. All these manipulations had no effect on episodic memory. In contrast, only pharmacological REM sleep augmentation had positive effects on procedural memory consolidation, suggesting that cholinergic activation, more than REM sleep *per se*, is a crucial component of REM sleep memory consolidation in elderly people.

Other studies tried to relate memory performance with sleep stages in healthy older adults, without administration of cholinergic medication. Thus, Mazzoni et al. ([@B36]) reported correlations between recall performance on a word-pair learning task and the mean duration of NREM/REM sleep cycles and the proportion of time spent in cycles, indicating that sleep structure and the cyclic succession of NREM--REM sleep are important for sleep-dependent memory consolidation in older adults. More recently, Backhaus et al. ([@B2]) reported a decline of sleep-dependent consolidation of semantically related word-pairs, associated with a decrease of early nocturnal SWS in 50 years old subjects. Retention of word-pairs after sleep was also positively correlated with the amount of SWS. These results were not replicated with lists of unrelated word-pairs (Wilson et al., [@B66]). Finally, Aly and Moscovitch ([@B1]) showed that memory of stories and personal events in older adults benefited from a night of sleep as much as in young adults. In addition, the number of hours slept was positively correlated with recall performance. The personal relevance of the material is therefore a crucial factor favoring sleep-dependent memory consolidation.

Concerning procedural memory, Spencer et al. ([@B58]) have proposed to young and older adults a serial reaction time task. Performance was assessed after a 12-h interval filled with sleep or wakefulness. Older and young adults showed similar degrees of initial learning. However, performance of older adults did not improve following sleep, indicating that sleep-dependent consolidation is impaired with age. These results were replicated and extended to middle-aged subjects who showed, compared to young adults, a reduced sleep-dependent change in performance (Wilson et al., [@B66]).

In another study, Peters et al. ([@B41]) compared young and older healthy participants on a simple pursuit rotor task. Both age groups exhibited significant improvements after a 1-week delay but the magnitude of this improvement was lower in the older group. Interestingly, spindle density significantly increased after learning in young but not in old subjects. Finally, Tucker et al. ([@B61]) were the only ones to observe, using a motor sequence task (finger-tapping), similar improvements after sleep in young and older adults, although full expression of these improvements was seen later during the retest session in older participants. As reported by Peters et al. ([@B41]), no correlation between overnight improvement and sleep architecture or spindle density was observed in the elderly group.

Overall, studies conducted in older adults have provided mixed results, especially for declarative memory. While one may logically expect an impaired consolidation of declarative memories during early sleep, due to the dramatic decrease in SWS, this result was not consistently found. Qualitative differences between tasks may influence sleep's effect on memory processing. Further studies are needed to better understand the effects of age. As for procedural memory, studies report that sleep-dependent consolidation is impaired, or that the magnitude of overnight changes in performance is reduced or that the behavioral expression of consolidation is delayed compared to young adults. The reduction of cholinergic activation during REM sleep during aging is one of the mechanisms likely to account for these quantitative or qualitative changes in memory performance.

Conclusion and Future Directions
================================

Over the past 20 years, a plethora of studies have shown that sleep benefits memory consolidation in young healthy subjects. In older adults, several factors closely interlinked (decrease in SWS and slow oscillations, hypofunctioning and atrophy of frontal areas, reduction of the cholinergic tone, etc.) appear to hamper memory consolidation during sleep. Even if this field of research has sparked renewed interest during the last 5 years, some questions remain unanswered. In particular, studies combining sleep recordings, memory consolidation assessment, and functional neuroimaging acquisitions are needed to determine which brain areas will subserve the reorganization of memory traces during sleep and compensate for the frontal dysfunction. Studies in healthy older adults are also a prerequisite to understand how sleep-dependent memory consolidation is disrupted in neurological diseases such as Alzheimer's disease. Indeed, we observed in patients with mild Alzheimer's disease a specific decrease in the number and intensity of fast spindles (Rauchs et al., [@B50]) as well as a faster mean theta frequency during SWS (Hot et al., [@B27]). Both parameters were positively correlated with episodic memory performance confirming the deleterious impact of sleep changes on memory function and the existence of compensatory mechanisms in the early stages of the disease to maintain, albeit inefficiently, memory performance.
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